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Abstract. We briefly review the physics of electronic phases in low dimensional con- 
ductors. We begin by introducing the properties of the one-dimensional electron gas 
model using bosonization and renormalization group methods. We then tackle the in- 
fluence of interchain coupling and go through the different instabilities of the electron 
system to the formation of higher dimensional states. The connection with observations 
made in quasi-one-dimensional organic and inorganic conductors is discussed. 



1 Introduction 

There is a consensus generalis about the impact of reducing spatial dimension 
in systems of interacting electrons: correlation effects are magnified and range 
of electronic behaviors expanded. This is well exemplified in one spatial dimen- 
sion where low energy electronic excitations turn out to be entirely collective in 
character so that a description in terms of Fermi liquid quasi-particles, which 
proved to be so successful in isotropic systems, becomes simply inapplicable. 

Organic conductors belong to a class of crystals for which the planar con- 
formation of the molecular constituents combined with their packing as weakly 
coupled chains in the solid state yield close realizations of onc-dimensional solids. 
Quasi-one dimensional electronic structures are also found in inorganic materi- 
als such as the molybdenum bronzes, the chalcogenides and ladder cupratesj^ as 
a result of their peculiar molecular or atomic arrangements. In all these quasi- 
one-dimensional crystals, we are thus faced with a twofold difhculty which com- 
bines the objective of determining the temperature range where one-dimensional 
physics applies with the one of finding the origin of low temperature higher di- 
mensional states. In this review, we will be mainly concerned with these two 
closely bound issues that are at the heart of the description of the rich phase 
diagram of compounds like the Bechgaard salt series ((TMTSF)2X) and their 
sulfur analogs, the Fabre salt series ((TMTTF)2X, where X = PFg, AsFg ... is 
a monovalent anion). 

In the first part of this review, we shall briefly outline the non Fermi liquid 
properties of the one-dimensional electron gas using bosonization and renormal- 
ization group methods. We then consider the problem of instabilities of one- 
dimensional electronic states by introducing the coupling between chains. We 

^ See the reviews of D. Jerome and T. M. Rice on ladder systems in this volume. Lut- 
tinger liquid behavior from edge states of two-dimensional electron gas in quantum 
well structures is discussed by C. Glattli in this volume. 
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discuss subsequently how the concepts of low-dimensional physics prove relevant 
when one tries to construct a coherent picture of electronic states that are ac- 
tually found in quasi-one-dimensional organic compounds. We close this review 
with a brief discussion on the importance of one-dimensional physics in inorganic 
metals like the molybdenum bronzes. 

2 Interacting electrons in one dimension 
2.1 The Tomanaga-Luttinger model 

When one tries to understand the origin of non-Fermi-liquid behavior in one 
dimension,^ it is instructive to look first at the possible elementary excitations 
such a low dimensional system can sustain. Consider the transfer of an electron 
in the final state of wave vector k + q above a filled Fermi sea. Together with 
the hole left at k, both particles form an electron- hole elementary excitation of 
energy uj{q) = e(fc + q) — e{k) [fi = 1). In one dimension, the available phase 
space below for the decay of such excitations shrinks to zero at low energy, 
namely where the spectrum 

e{k) ^ ep{k) = vpipk - kp) (1) 

can be considered as linear. A linear spectrum with an unbounded interval of k 
values for each branch p = ± (refering to right (+) and left (— ) moving electrons) 
defines the spectrum of the Luttinger model. [Q In these conditions, electron-hole 
excitations acquire a high degree of degeneracy ^ qL/2'K. It follows that stable 
charge and spin-density excitations can be formed from the superpositions of 
excitations 

P± = -i 4,fc+,.a«±,fe,a (2) 

for the charge and 

^±(9) = -4X!""±,fc+g,a«±.'c." (3) 

for the spin. This connotes that a free - bosonic - Hamiltonian may exist for 
the description of collective charge and spin modes. Actually for a Luttinger 
spectrum with all negative energy states filled, Q these composite objects obey 
the commutation rules 

^ We refer to the excellent reviews of J. Volt H. J. Schuiz Q and V. J. Emery ||j for 
a more exhaustive discussion of the one-dimensional gas model using bosonization 
method. 
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Wp{q),<^p'hQ)]^ p^pp'q^: (4) 

which are compatible with bosons. Another key feature is the commutation re- 
lation between the one-electron Hamiltonian 

and the spin and charge-density operators: 

[Ho,pp{q)] = pvpqppiq) 

[Ho,ap{q)] ^ pvpgcTpiq), (6) 

which reminds the algebra of operators for the harmonic oscillator. A fermion 
to boson correspondance for the excitations can thus be established in which Hq 
can be written as 

Hq^Y PVFq{Pp{q)Pp{~q) + ap{q)ap{-q)), (7) 

p,q 

which is quadratic in the charge pp = {2TT/Lq)i pp and spin d-p = {2-K/Lq)^ap 
operators. All the excited states of the fermion system can then be described in 
terms of bosonic variables. 

In the Tomanaga-Luttingcr model, electrons interact through the ex- 
change of small momentum transfer. This allows us to define two scattering 
processes usually denoted 32 and (74 couplings with respect to the Fermi points 
±kF (here taken for simplicity as independent interactions The total 

Hamiltonian becomes Htl = Hq -\- i?/, in which the interacting part Hj can 
also be expressed in terms of density operators: 

ai.2 fci ,k2,q 

+ ^ 9iO-l,^ki+q,a'^p,k2-q-a^P''2'^"^P-'''^'" 

c«,p ki,k2,q 

= '^92YvFqPp{q)p^p{-q) + 9iYvFq{pp{q)Pp{-q) - ap{q)ap{~q)) .{8) 
p,q p,q 

The TL Hamiltonoian is therefore still quadratic in terms of the bosonic opera- 
tors. Owing to the presence of the 52 term which couples the density on different 
branches, a transformation is needed to diagonalize the Hamiltonian. Wc thus 
have 

Htl = H„ + Hp 

= '^'^(«) + ^p('?)^p,g&P,9, (9) 

P. 9 

in which the new operators ba^ for spin and fop^"* for charge obey boson commu- 
tation rules. The spin and charge spectra of collective excitations have a Debye 
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form oj,^ {q) — Un \ q \ {v — a, p) , where the velocities are 
for the spin and 




for the charge, with Vp = vf{^ + 54/27^^?). A key property of the above Hamil- 
tonian is the commutation relation [Hcy,Hp\ — 0, which yields the decoupling 
between Hu and Hp that is termed separation between spin and charge degrees of 
freedom. The corresponding split-off of acoustic excitations will have a profound 
influence on the properties of the system which becomes a Luttinger liquid. Q 
As regards thermodynamics, the free energy will consist of two separate contri- 
butions, which yields the property of additivity for the specific heat (per unit 
of length) C = Cc + Cp. Here Cy=cr,p ~ nk'^T / (iuu) is the linear temperature 
dependent specific heat of each branch of acoustic excitations. 



2.2 Phase variables description 

Collective excitations in a Luttinger liquid are reminiscent of those of a vibrat- 
ing string. This relation can be further sharpened if one introduces the pair of 
conjugate phase variables 



L ^-^ q 

q 



(12) 



which satisfy commutation relation ['/>iy(xi), 77,^' (0:2)] — i5^y5{xi — X2) in the 
limit ao ^ for the short distance cut-off. 

The phase variable representation allows us to rewrite the Tomonaga-Luttinger 
Hamiltonian in the harmonic form 



H' 



TL 



I/— p.cr 



' ox 



dx. 



(13) 



where is the stiffness constants of acoustic excitations. The properties of the 
model are then entirely governed by the set of parameters {u^, Ki^}. These are 
functions of the microscopic coupling constants. Thus for a rotationally invariant 
system (spin independent interactions), one has K„ — 1 and 
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2.3 Properties of the Luttinger liquid state 

One-particle Consider the Matsubara time-ordered single-particle Green's func- 
tion Gp(x, r) — — {Tripp.a{x,T)'ipj^^^{0,0)), which is expressed as a statistical 
average over fermion fields. It can be evaluated explicitly by using the harmonic 
phase Hamiltonian (jl^ ), with the aid of the relation between the Fermi and 
bosonic fields i,foljij~ 



^ jim^ ^== exp(^- — [p(0p + a<\>„) + (Bp + j , (15) 

where d^jix) — tt J n^{x')dx' . One finds 

Gp{x, t) = — 1 [ [^j, sinh(a:; + iUi.r)/^^]~ ^ [^^ smh{x - iu^t) /i^Y^HlQ) 
"o 

where 9y = j{K^ + l/K^—2). As a correlation function of the electron with itself, 
the Green's function gives useful information about the spatial and time decay 
of single-particle quantum coherence in the presence of collective oscillations of 
the Luttinger liquid. At equal Matsubara time, which amounts to put r = in 
the above expression, we observe that Gp depends on two characteristic length 
scales = Uct/ttT and £,p — Up/wT, corresponding to the de Broglie quantum 
lengths for spin and charge acoustic excitations. Thus for ao <ti x <ti ^i^, the 
fermion coherence decays according to the power law 

^ipkfX 2 

Gp{x)p^ (17) 

where the exponent 9 — 9a + dp is called the anomalous dimension of the Green's 
function. It is non-zero in the presence of interaction (the canonical dimension 
of the Green's function is unity in a free electron gas). For non-zero interaction, 
the spatial decay of quasi-particle coherence is therefore faster. The existence of 
a anomalous power law is also the mark of scaling (a situation analogous to one 
of correlations of the order parameter at the critical point), namely the absence 
of particular length scale of the fermion coherence between ao and 
For large distances x^ we have 

Gp{x) cx e-^/«, (18) 

indicating that thermal fluctuations lead to an exponential decay of coherence 
and the absence of scaling. The effective coherence length = l/^o- + 
combines the spin and the charge quantum lengths. 

The absence of ordinary quasi-particle states in a Luttinger liquid will also 
show up in the one-electron spectral properties. These can be extracted from the 
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Fourier transform of the retarded Green's function. The quantity of interest is 
the spectral weight defined as the imaginary part of the Green's function: 

Ap{q,uj) = --ImGpipkp + q,uj), (19) 

TT 

which gives the probability of having a single-particle state of wave vector pkp+q 
with a energy lo measured from the Fermi level. The spectral function takes on 
particular importance since it can be probed at g < (q > 0) by photoemission 
(inverse photoemission) experiments. We will focus here on spin independent 
interactions for which Kg. = 1 and 9^ = 0. The presence of collective modes 
with two different velocities in a Luttinger liquid has a pronounced influence on 
the spectral function in comparison to that of a Fermi liquid. In the latter case, 
the spectral weight Ap{oj) = zS{uj) is simply a delta function at the Fermi edge 
indicating the presence of well defined quasi-particle excitations of weight z at 
zero temperature. At finite temperature or finite q, there is the usual broadening 
of the quasi-particle peak (^ or vj^q"^). 

The progress made to achieve the Fourier transform of Gp{x, t — > i€) at zero 
temperature, Jl2| , p^ indicates instead the absence of quasi-particle peak in the 
spectral weight. In effect, collective modes suppresses the delta function, which 
is replaced at not too large Q by power law singularities 

A+(fc_F -I- (j,cj) --i^^up, \u: ~ Upq\^^^'^ 

^uj^-u^q 0{-uj - Upq){-uj - Upqp'^, (20) 

for q > 0.||l^ At finite temperature, |l4|[l5|| thermal broadening will round sin- 
gularities and cusps. 

Another physical quantity of interest is the one-electron density of states (per 
spin) 

oc I w 1^ . (21) 

In a Luttinger liquid, the density of states is not constant but presents a dip 
close to the Fermi level. ||l^ Strickly at the Fermi level, the density of states 
is zero showing once again the absence of quasi-particles at T = 0. At finite 
temperature, N{T) cx T^, the dip partly fills at the Fermi level due to thermal 
fluctuations. 



Two-particle response The two-particle response function in Matsubara- 
Fourier space is defined by 

X((?,^„0 - yy dxdTx{x,T) e-»?-+»-"^ (22) 
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where x(a;,T) = —{TrO{x,T)0^) is the two-particle correlation function. At 
small q and w, the dynamic magnetic susceptibility (or compressibility) can be 
calculated using the spin (charge) operator O = {a+ + (7_)/\/2 {O = (p+ + 
p-)/y/2) and (p^), with the result after analytic continuation 

Xiy{q, i^m ^ Lo -\- «0+) = ^ ^""^ h in'S^ q5{L0 - pu^q) (23) 

TTUi, ^ — ' W — VUuQ ^ — ' 

for both branches at zero temperature. The simple pole structure of the real 
part of this expression is analogous to the one found for acoustic phonons. Cor- 
respondingly, the absence of damping shown by the imaginary part emphasizes 
once more that spin and charge acoustic excitations are eigenstates of the sys- 
tem. In the static (lo ~ 0) and uniform (g — > 0) limits, Xv ^ lijiUy)^^ . A 
non-zero susceptibility at zero temperature then occurs despite the absence of 
density of states at the Fermi level. The proportionality between the uniform 
response and the density of states that holds for a Fermi liquid is meaningless 
for a Luttinger liquid due to the absence of quasi-particles. The finite uniform 
response rather probes the density of states of acoustic boson modes in the spin 
or charge channel. At non zero temperature for the TL model, Xv {T) is only very 
weakly temperature dependent on the scale of the Debye energy uj^ = u^Uq^ 
of acoustic modes, which is of the order of the Fermi energy for not too large 
couplings. |p7 18 



Other quantities like staggered density-wave (close to wave vector 2kp) re- 
sponses are also of practical importance in the analysis of X-ray and NMR 
experiments. [|l9 20 2l|,^ In the following we will focus on spin-spin correlation 



function for q ~ ikp; the latter can be evaluated using the spin-density opera- 
tor O = ip^crijj^ in the definition of the two-particle correlation function given 
above. At equal-time for example, one gets the power law decay 

X{x) = (Oix) ■ 0(0)) 
cos{2kFx) 

which is governed by the LL parameter Kp. The temperature dependence of the 
antiferromagnetic response is given by the Fourier transform of xi^j ''") evaluated 
at 2kp and in the static limit 

x(2fcF,T)^r-^. (25) 

The power law exponent 7=1 — Kp > is non universal and increases with 
the strength of interactions up to its highest value 7 = 1 corresponding to the 
Heisenberg universality class. A similar expression is found for the 2kp charge- 
density- wave response in the TL model. For atttractive couplings, a power law 



singularity is to be found in the superconducting channel, where Kp in (24-25D 
is simply replaced by l/Kp. 

The imaginary part Imx(g + 2fci?,cij) of the dynamic response is another 
related quantity that plays an important part in experimental situations giving 
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an experimental access to the Luttinger liquid parameter _R'p. pO| , |2^ In the spin- 
density-wave channel of a Luttinger liquid at non zero temperature, one has the 
power law enhanced form 

lmx{q + 2kF,Lu)^{7ru,)-'^(^-^^ ^ (26) 

for small (real) frequency and q close to 0. We shall revert to this below in the 
context of NMR. 



2.4 The one-dimensional electron gas model 

When large momentum transfer (~ 2kp) is allowed for scattering events, we have 
an additional coupling parameter which is the backscattering process denoted 
gi. Moreover, when the band is half-filled (one electron per lattice site), Akp 
coincides with the reciprocal lattice vector G — 2Tr/a {a ^ ao is the lattice 
constant) and Umklapp scattering becomes possible. Another coupling 53 is then 
added to the Hamiltonian for which two electrons are transferred from one side of 
the Fermi surface to the other. The total Hamiltonian, known as the ID fermion 
gas problem now becomes H = Htl + H' , where 

^' ^ Yj ^ ^\,ki+'ikF+q,a^^-,k2-'2kF-q,a'^+M,a"^-M,a 
{/c,(j,a} 

+ ^ 5Z ^3 '^p,fci+p(2fcF+g):Q"p,fc2-p(2feF+g)+pG,-a°— P^'^a.-aO— P:fcl:Q(27) 

corresponds to the additional terms expressed in the fermion representation. In 
terms of phase variables, the part for antiparallel spins reads 



/ { (2^^^ + (2^ cos(y8^,)}, (28) 



H' = 



whereas the parallel part of gi goes into an additional renormalization of u„ and 
Ki, in Htl- From this expression, one first observes that gi ((73) solely depends 
on the spin (charge) phase variable. Therefore the spin and charge parts of the 
total Hamiltonian H ~ Ha + Hp still commute and thus preserve spin-charge 
separation. 

An exact solution of H cannot be found in the general case, except at a 
particular value of the coupling constants for each sector, corresponding to the 
Luther- Emery solutions [p3|J^. However, one can seek an approximate solution 
using scaling theory. In the framework of the Tomanaga-Luttinger model, we 
have already emphasized that anomalous dimensions found in single and pair 
correlation functions are hallmarks of scaling. In effect, a Luttinger liquid is 
a self-similar system when it is looked at different length x (and u^t) scales. 
We can profit by this property for the more general Hamiltonian by looking at 
the evolution or the flow of the couplings gi^^ and Luttinger liquid parameters 
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as a function of successive change of space and time scales. In practice, the 
corresponding space-time variations of the phase variables (j)u are integrated out 
using (7i_3 as perturbations. Then by rescaling both the initial length {x xe~') 
and time (uj/T Uj^re^') scales yields the renormalization group flow equations 

dl 2 "^"^ 

^= 5.(2 -2A^) (29) 

for spin and charge parameters, where = gi and gp = g^. In the repulsive case, 
where 5^=1. ..4 > 0, gi is marginally irrelevant in the spin sector, that is to say 
gl when I 00. For a rotationally invariant system, we have K* — > 1 and 
M* ^ = vf{^ — g4/2TTVp). If the band filling is incommensurate, 33 = and 
we recover in this repulsive case the physics of a Luttinger liquid for both spin 
and charge at large distance. At half-filling, however, 173 is non zero at Z = and 
becomes a marginally relevant coupling that scales to large values as I grows; in 
turn, the charge stiffness Kp and velocity m* — > at large /. Strong coupling 
in 53 and vanishing Kp signals the presence of a charge gap,Q which is given by 

Ap^Ep^-^j , (30) 

where n = 1 at half-filling. The physics here corresponds to the one of a ID Mott 
insulator. The presence of a gap is also confirmed by the fact that when 
I increases Kp decreases and the combination of 252(0 ~ 5i(0 "^ill invariably 
crosses the so-called Luther-Emery line at 2g2{lLE) — 51 ('lb) — 6/5, where an 
exact diagonalization of the charge Hamiltonian Hp can be carried out.[p3l|^ 

A charge gap is not limited to half-filling but may be present for other com- 
mensurabilities too. ||^ At quarter-filling for example, the transfer of four particles 
from one side of the Fermi surface to the other leads (instead of the above 53 
term) to the Umklapp coupling 

Hi/i ~ / dxcos{2VScj)p). (31) 



The scaling dimension of the operator g*^^®*'' is now SiiTp, while each term of 
Htl in (^H) has a scaling dimension of 2, so that the flow equation becomes 

^ - (2 - 8ifp)5i/4, (32) 

which goes to strong coupling if Kp < 1/4, which corresponds to sizeable cou- 
plings with longer spatial range. |25| The value of the insulating gap is given by 
( ^0| ) by taking n = 2 at quarter-filling. (|,^ It worth noting that in the special 
situation where the quarter-filled chains are weakly dimerized, both half-filling 
and quarter-filling Umklapp are present with different bare amplitudes - a situ- 
ation met in some charge transfer salts. Pq,p7[ 



10 C. Bourbonnais 



Let us look at the consequences of a charge gap on correlation functions. 
In the single-particle case, we see that taking Kp — > at T < Ap yields large 
Op. Therefore the single electron coherence will become vanishingly small at 
large distance. Each electron is confined within the characteristic length scale 
Cp ~ Vpl Ap^ which can be seen as the size of bound electron-hole pairs of the 
Mott insulator. A large value of 9 alters the spectral properties by producing a 
gap in the spectral weight and in turn the density of states. |2^ , ^ 

The impact is different on spin-spin correlation functions. We first note that 
the uniform magnetic susceptibility, which uniquely depends on the spin veloc- 
ity, remains unaffected by the charge gap, as a consequence of the spin-charge 
separation (see § 2.5;). As regards 2kp antiferromagnetic spin correlations, their 
amplitude increases and shows a slower spatial decay x(p) ~ 1/^5 this corre- 
sponds to a stronger power law singularity in temperature x(2fc_F,T) ~ T^^ . 



2.5 A many-body renormalization group approach 

Having described the basic properties of the electron gas from the bosonic stand- 
point, we can now proceed to its renormalization group description from the 
many-body point of view. Although the latter works well in weak coupling, it 
gives a different depth of perspective in the one-dimensional case and it proves 
particularly useful in the complex description of instabilities of one-dimensional 
electronic states when interchain coupling is included. 



Renormalization group When we try to analyze the properties of the ID 
electron gas using perturbation theory, we are faced with infrared singularities. 
These correspond to the logarithmically singular responses x° ^ \nEp/T of a 
free electron gas to Cooper and 2kp electron-hole (Peierls) pair formations. 
One dimension is special in that both share the same phase space. |Q Their 
presence with different phase relations in the electron-electron scattering ampli- 
tudes indicates that both pairings counterbalance one another by interference to 
ultimately yield a Luttinger liquid in leading order. 

Another property of Cooper and Peierls logarithmic divergences is the lack 
of particular energy scale in the interval between Ep and T, a feature that 
signals scaling. Renormalization group ideas can be applied to the many-body 
formulation in order to obtain the low-energy properties of the electron gas 
model. [ pTp^ In the following, we briefly outline the momentum shell Kadanoff- 
Wilson approach developed in Refs. p2| , ^3|j3^ . The partition function Z is first 
expressed as a functional integral over the fermion (Grassman) fields ip 

Z = JJ Di:*Dtp e^*['''*''^l. (33) 

In the Fouricr-Matsubara space, the action S = Sq + Si consists of a free part 

So[r,^]^ ^jG;;(fc)]-V;.jfc)^p,o(fc) (34) 

p^cx.,k 
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where ^ 

G^(fc) = [zc^„-ep(fc)]-i (35) 

is the bare electron propagator with k = {k,LUn)', and an interacting part 

Slir,^] = -^J2jpip2i?pT V';,,ai(fcl)V';.,o.(fc2)^p3,a3(fc3)V'p.,a.(fc4),(36) 
{a,p,A;} 

in which the couplings constants of the electron gas model are — ^i, 

aa :a. a aa :a a i act ;a a o riorll mi i ±. j. 

9+-'-+ = 52, 9±±-TT = 33' ^"^^ ff±±:±± = 2.94-||35|| The relevant parameter 
space of the action for the electron gas will be denoted 

t^S ^ {01,91,92,93,94)- (37) 

The RG tool is used to look at the influence of high-energy states on the 
electron-electron scattering near ±kp at low energy. We will focus on the RG 
results at the one-loop level, which will be sufficient for our purposes. The method 
consists of successive partial integrations of fermion degrees of freedom (V'*^*-') in 
the outer energy shell (o.s) ztEo{£)d£/2 above and below the Fermi points as a 
function of £.j3^ Here Eo{i) = Eoe~^ with £ > 0, is the scaled bandwidth cutoff 
Eo{= 2Ef) imposed to the spectrum (0). We can write 



< 



J J O.S 

Dij*D^e^^^''^'i' + + - , (38) 



where is given by the interaction term with two "0^*^ in the outer momentum 
shell in the Cooper and Peierls channels (2kp electron-hole and zero momentum 
Cooper pairs), while the other two remain fixed in the inner (<) shell. 

At the one-loop level, the averages ((S*/. 2)^)0.5 in the outer momentum shell 
are calculated with respect to Sq [ijj* , ijj] , which ultimately leads to the scaling 
transformation of fis as a function of i 

nde[t^s{i)]= ^^s{i + de). (39) 

The outer momentum shell contributions to the Peierls and Cooper channels have 
different signs and lead to the aforementioned interference in the renormalization 
flow, which is governed by the following set of equations 

dgi -2 , 
-dl = -''^--- 
d , , _2 

^(2ff2-.gi) = .93 +■■• 
^= 33(252-51) +•••, (40) 

where the influence of 174 has been included through the normalization gi = 
gi/TTv„, 252-51 = {'^92-gi)/T^Vp, and 33 = 93l'^Vp- These scaling equations, |||| 
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are consistent with those obtained in ( p9| ) from the bosonization technique by ex- 
panding the stiffness constants K^=„ p to leading order in the coupling constants. 
Therefore from the many-body standpoint, the interference between the Cooper 
and Peierls channels appears as an indispensable building block of Luttinger and 
Luther-Emery liquids. 



Magnetic susceptibility The description sketched above can also be used for 
the calculation of uniform responses at small q and uj when the couplings gi and 
(73 are present. 1^,^,0 We will be mainly concerned here with the spin suscep- 
tibility (a similar approach also applies for compressibility). We will see that the 
flow of gi {€) is responsible for a temperature dependence of susceptibihty. 

The first thing that needs to be said is that thermally excited spin excitations 
involved in the uniform magnetic response do not contribute to the logarithmic 
singularities of the Cooper and Peierls channels. In effect, these last singularities 
refer to electron and hole states located outside the thermal width ~ 2T around 
the Fermi points, while it is the other way around for the uniform spin response 
of the Landau channel. The fact that the Landau channel does not interfere 
directly with the other two constitutes an advantage in the calculation. One can 
indeed use the renormalization group method to first integrate quantum degrees 
in the interfering Cooper and Peierls channels, namely down to It = InEp/T, 
after which the resulting low-energy action can be used to calculate uniform spin 
susceptibility. [ pTp^ If we try to outline this way of doing, we first note that the 
interacting part of the action at £ can be written 



Si = ^(232 - gimpp{q)p-p{~q) - g^ S^iq) ■ S^,(-q} + Si[g4], (41) 

in which we have defined the composite fields p± = ^(L)^2 ^ ipi: aV'i.ct for 

charge and S± = ^{L)~i 4'± a'^°'^^±,0 f^"" spin. Here the sum on k satisfies 
|ep(fc) Eo{l)/2; we have omit the 53 term since it gives no direct contribution 
to the Landau channel. The above expression for the action being quadratic 
in spin and charge fields, it can be linearized using an Hubbard-Stratonovich 
transformation which allows us to express the partition function as a functional 
integral over auxilliary charge (j) and spin M fields 

Z = Z{gi) j j V<j)VM exp { - ^ [cj)p{q)Ap,p,{q)c^.p,{-q) 

+ Mp®Bp,p,(5)Mp,(-g)]}, (42) 

where Z{gi) is the partition function of the system with 174 interaction only, 
which can be treated in RPA in the spin and charge sectors. |]l8| The effective 
low-energy free energy density is thus essentially quadratic in both cj) and M - 
mode-mode coupling terms vanish for a linear spectrum - and can be seen as an 
approximate harmonic representation of the electron gas model at low energy. 
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From the expressions of matrix elements Ap^p{q) — ^{2g2~ gi){(), ^±,:p = 1 and 
B±.±{q) — —^gi{£), -B±,=p = 1, the uniform magnetic response, when expressed 
as statistical averages over auxihary fields, is given by 

X.{q) = -4y[(^ E ■ Mp'{-q)) 1] 

2 1 ul{£)q^ 



p 

where Ucr{£) = Va{l + ■^gi{£j). The spectrum of low energy acoustic spin excita- 
tions now becomes 

UJa- = u„(£) I q I 

= «,(l-5?W/4)^ Ul, (44) 

which, owing to the presence of gi, shows t dependent corrections with respect 
to the Tomanaga-Luttinger limit (Eqn.(|l0|)) (a similar expression holds for the 
charge spectrum following the substitution Va Vp and —gi{£) {2g2 — gi){£)). 
The temperature dependence of the static and uniform spin susceptibility is 
obtained by putting q = and £ Inua/T in (Q with the result 



UT) = -—f ^ (46) 

1 + gi muoal 1 



where 



is the solution of the first equation of (^0|). For repulsive couplings, the reduction 
of £fi(r) imparts a temperature dependence to the susceptibility which is shown 
in Fig. ^ As one can see, the logarithmic corrections make the x approaching its 
T = value with an infinite slope. ||35| , pT| , |l7y3(| This singularity in the derivative 
occurs only at very low temperature and can be hard to detect in practice. 
Finite magnetic field or interchain hopping between stacks tends to suppress the 
singularity. 



Nuclear relaxation rate The nuclear spin-lattice relaxation rate measured in 
NMR experiments is another quantity of practical importance if one tries to gain 
information about spin correlations. It is given by the Moriya expression 

T^^^\A\''T j^^^^^d'^q, (47) 

which is taken in the zero Larmor frequency limit {lj — > 0) and where A is 
proportional to the hyperfine matrix element. Thus the relaxation of nuclear 



Fig. 1. The temperature variation of tlie magnetic susceptibility expressed in nVcr/2 
units as a function of the reduced temperature t = T /uJcr for the electron gas model 
(51 ~ 1). 



spins gives in principle relevant information about the static, dynamics and 
dimensionality D of electronic spin correlations. This gives in turn a relatively 
easy access to the parameters Kp, u„{T) and Ua-{T) of the electron gas.[|37t 
According to Eqns. ( p3| ) and (|26|), the enhancements of x" occur at q ^ and in 
the interval q ~ 2kF ± T/vp close to 2fci?. The integration is then readily done 
to give 

Tf 1 ~ CoiT)Txl{T) + Ci(T)r^''. (48) 

Owing to the presence of gi, we have Co{T) = C{){ua{T) / u„{T)') ^ and Ci{T) = 
Ci(l + gi h\Lj„ /T)^ . As a function of temperature, two different behaviors can 
be singled out. At high temperature, where uniform spin correlations domi- 
nate and the 2k p ones are small, the relaxation rate is then governed by the 
Co{T)Tx^iT) term. In the low temperature domain, however, 2kF spin corre- 
lations are singularly enhanced while uniform correlations remain finite so that 
T]~^ Ci{T)T^'' . The temperature dependence of T^^ over the whole temper- 
ature range thus contrasts with that of a Fermi liquid where {TiT)~^ est., as 
found for the Korringa law in ordinary metals. 

It is interesting to consider the case where a gap is present in the charge part 
and for which Kp = 0. We thus have 

Tf 1 ~ Co{T)Tx\T) + CiiT). (49) 

The relaxation will tend to show a finite intercept as T — s- (here logarithmic 
corrections in Ci(T) will give rise to an upturn in the low temperature limit). 
The temperature profile is summarized in Figure ^. 

3 Instabilities of ID quantum liquids: interchain coupling 

Electronic materials like organic conductors can be only considered as close 
realizations of ID interacting fermion systems. In the solid state, molecular stacks 
are not completely independent, that is to say interchain coupling, though small. 



Fig. 2. Nuclear spin-lattice relaxation rate (expressed in arbitrary units) as a function 

of the reduced temperature t — T/uJa, when the system scales to the Luttinger liquid 
(1 > Kp > 0) and strong coupling {Kp = 0) sectors. 

must be taken into account in their description. Two different kinds of interchain 

coupling arc generally considered. First, wc have potential coupling like Coulomb 
interaction which introduces scattering of particles on different stacks. In certain 
conditions, potential coupling may give rise to long-range (density-wave) order 
at finite temperature. Second, there is the kinetic coupling, commonly denoted 
t±, which allows an electron to hop from one stack to another. In the following, 
we shall confine ourselves to the latter coupling, which is the most studied and 
by far the most complex. In effect, it is from t± that most instabilities of ID 
quantum liquids discussed thus far can occur. These are also called crossovers 
which form the links between the physics in one and higher dimensions as either 
the restoration of a Fermi liquid component or the onset of long-range order. In 
the following, we will review the physics of both types of crossover induced by 
t± using the renormalization group method that was described earlier. 

3.1 One- particle dimensionality crossover and beyond 

The route towards the restoration of a Fermi Uquid The overlap of 
molecular orbitals allowing electrons to hop from one chain to the next modifies 
the electron spectrum. In the tight-binding picture of a linear array of N± chains 
we have 

Ep{\i) = ep{k) - 2t± cos fc_L, (50) 

where k = {k,k±). Generalizing the functional-integral representation of the 
partition function in the presence of a non-zero but small t± <C Ep, the prop- 
agator of the free part of the action is now Gp(k, ci;„) = [i^n — Ep(li)]^^. The 
non-interacting situation can trivially serve to illustrate how a dimensionality 
crossover of the quantum coherence in the single-particle motion is achieved as a 
function of temperature. We first note that since t± enters on the same footing 
as iVn (or T) and Cp (or A:) in the bare propagator, it is a relevant perturbation; 
that is to say its importance grows according to t'j_ = st± following the rescaling 
of energy e' = scp and temperature T' = sT by a factor s > 1. The temperature 
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scale at which the crossover occurs can be readily obtained by equating s with 
the ratio of length scales ^/a and by setting ~ Ep at the crossover. This 
condition of isotropy yields the crossover temperature T^-i ~ t±, which is not a 
big surprise since t± acts as the only characteristic energy scale introduced in 
the interval between T and Ep. 

In the presence of interactions, however, the flow of the enlarged parameter 
space /is = (Gpik, w„), gi, 32, ffs) of the action, under the transformation ( p9| ) 
will modify this result. As shown in great detail elsewhere, [|32y34[] the partial 
trace operation (^), when carried out beyond the one- loop level, not only alters 
the scattering amplitudes but also the single-particle propagator. At sufficiently 
high energy, the corresponding one-particle self-energy corrections keep in first 
approximation their ID character and then modify the purely one-dimensional 
part of the propagator through the renormalization factor z{£). Thus the effective 
bare propagator at step £ reads 

G°(k,.„,M5W) = ,^„,,^(fc);2zfflt^cosfc^ - 

Detailed calculations show that z{£) obeys a distinct flow equation at the two- 
loop level which depends on the couplings constants (the generalization of Eqn. ( ^0| ) 
at the two- loop level). Its integration up to £t leads to 

(52) 

where the exponent > for non-zero interaction and is consistent with the 
one given by the bosonization method (cf. Eq. (pT|)) in lowest order. Being the 
residue at the single-particle pole of the ID propagator, z{T) coincides with 
the reduction factor of the density of states at the Fermi level (Eqn. (pl|)). 
The reduction of the density of states along the chains also modifies the ampli- 
tude of interchain hopping. The crossover criteria mentioned above now becomes 
{^/a)z(T)t± ~ Ep, which leads to the usual downward renormalization of the 
one-particle crossover temperature: p8[ 

r.i~t±(i^y . (53) 

According to this expression, T^i decreases when the interaction — which can 
be parametrized hy 6 — increases (Figure ||); it is non-zero as long as 6* < 1 
for which tj_ remains a relevant variable. The system then undegoes a crossover 
to the formation of a Fermi liquid with quasi-particle weight zlT^i). For strong 
coupling, T^i vanishes at the critical value Oc = 1 and becomes undefined for 
> 1, t± being then marginal in the former case and irrelevant in the latter 
(Figure^). Consequently, in the latter case, no transverse band motion is possible 
and the single-particle coherence is spatially confined along the stacks. These 
large values of 9 cannot be attained from the above perturbative renormalization 
group. They are found on the Luther-Emery line at half-filling or at quarter- 
filling in the presence of a charge gap;P,Eqj25| in the gapless Tomanaga-Luttinger 



Electronic phases ol low dimensional conductors 



17 



model for sufficiently strong coupling constants or when the range of interaction 
increases. 

The above scaling approach to the deconfinement temperature is obviously 
not exact and corresponds to a random phase approximation with respect to 
the transverse one-electron motion. p^ , |39| , p0t This can be seen easily by just 
rewriting (|5^) in the RPA form 

where z{£)Gp{k,uJn) is the ID propagator at the step £ of the KG. Transverse 
RPA becomes essentially exact, however, in the limit of infinite range In 
regard to this approximation, it should be stressed that the above renormaliza- 
tion group treatment of deconfinement does not take into account the dynamics 
of spin-charge separation, nam ely t he fact that the spin and charge excitations 
travel at different velocities (§ t2.l|) . It was inferred that this mismatch in the 
kinematics may suppress T^i and in turn the formation of a Fermi liquid. 
As shown by Boies et a/. [|39[] using a functional-integral method, the use of the 
Matsubara- Fourier transform of the complete expression (^6|) in the RPA allows 
one to overcome this flaw of the RG. However, the calculation shows that in the 
general case it still yields a flnite crossover temperature 

where F(x) is a scaling function. Distinct velocities for spin and charge do give 
rise to additional corrections but the difference takes place at the quantitative 
level. Electronic deconfinement is therefore robust at this level of approximation 
and even beyond. [ ^2|j4^ , ^ , ^o|j45|j4^ It is worth stressing that the renormaliza- 
tion of t± by intrachain interactions has been recently confirmed on numerical 
grounds for two-chain (ladder) fermion systems. |^ , ^ 

As we will see later, the above picture is modified significantly when the 
influence of t± on pair correlations is taken into account, especially when the 
amplitude of interactions increases and T^i becomes small. As regards the tem- 
perature interval over which one-particle crossover is achieved, it is not expected 
to be very narrow. In comparison with crossovers in ordinary critical phenom- 
ena, which are conflned to the close vicinity of a phase transition, ||49|| deconfine- 
ment of single-particle coherence in quasi- ID system is likely to be spread out 
over a sizeable temperature domain. This is so because the temperature interval 
[T, Ep] of the ID quantum critical domain, which is linked to the primary Lut- 
tinger liquid fixed point, is extremely large. Recent calculations using dynamical 
mean-field theory seem to corroborate the existence of a sizeable temperature 
interval for the crossover. |45| 



Instability of the Fermi liquid Let us now turn our attention to the question 
of whether or not a Fermi liquid component in a quasi-one-dimensional metal 
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remains stable well below Tj.i. Here we will neglect all the aforementionned 
transients to deconfinement and consider T^i as a sharp boundary between the 
Luttinger and Fermi liquids. By looking at the effective spectrum of the above 
model in which tj_ t*j_ = ztj_ in (|50|), we observe that the whole spectrum 
obeys the relation i<^l(k) = — £'^(k + Qo), showing electron- hole symmetry or 
perfect nesting at Qo — (2fc_F,7r). The response of the free quasi- ID electron 
gas is still logarithmicaly singular x^iQo^T) ~ InT^i/T in the Peierls channel 
for Qo electron-hole excitations within the energy shell ~ Tj;i above and below 
the coherent warped Fermi surface. This singularity is also to be found in the 
perturbation theory of the scattering amplitudes, and can therefore lead to an 
instability of the Fermi liquid. For repulsive interactions, the most favorable 
instability is the one that yields a spin-density-wave state. The temperature 
at which the SDW instability occurs can be readily obtained by extending the 
renormalization group method of § |2.5| below T^i (or ^ > ir^i = lni?i?/r^i). When 
perfect nesting prevails, a not too bad approximation consists of neglecting the 
interference between the Cooper and Peierls chan nels |]50| (we shall revert to the 



problem of interference below T^i later in § 4.1). Thus by retaining the outer 
shell decomposition of 5/^2 in the latter channel only, one can write down a 
ladder flow equation 

for an effective coupling constant J = 92 + 93 ~ V± ■ ■ ■ that deflnes the net 
attraction between an electron and a hole separated by Qo (the origin of the 
exchange term V± will be discussed in § |3.2| ) . This equation is integrated at once 

"^^^^ ~ 1 - ij* InT^i/T' ^^'^^ 

where J* is the effective SDW coupling at T^i , resulting from the integration of 
ID many-body effects at ^ < The above expression leads to a simple pole 
singularity at the temperature scale 

Tc^T^ie'^/-^', (58) 

which corresponds to a BCS type of instability of the Fermi liquid towards a 
SDW state. As long as the nesting conditions are fulfilled, it invariably occurs 
for any non-zero interaction (dashed line of Fig. ^) . 

Nesting frustration is therefore required to suppress the transition. When 
nesting deviations are sufficiently strong, we will see, however, that the Fermi 
liquid is not stabilized after all. Actually, when interference between the Peierls 
and the Cooper channels is restored, the system turns out to become unstable to 
superconducting pairing, a mechanism akin to the Kohn-Luttinger mechanism 
for superconductivity in isotropic systems. 52 5^, ^ , ^ We shall return to this 
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Fig. 3. Characteristic temperature scales of tiie quasi-one-dimensional electron gas 
model as a function of interaction, parametrized by the exponent 9. In the Fermi liquid 
sector, perfect nesting conditions prevail. 

3.2 Two-particle dimensionality crossover and pair deconfinement 

When one examines the properties of the one-dimensional electron gas, one ob- 
serves that the exponent 7 of the pair response is not simply equal to twice the 
anomalous dimension 9 of the single-particle Green's function. Although both 
exponents depend on the Luttinger liquid parameter ifp, one-electron and pair 
correlations are governed by distinct power law decays. Thus the effect of an in- 
crease in the strength of interaction {Kp is decreasing for repulsive interactions) 
leads to a faster spatial decay of single particle coherence (Eqn. (p7|)), whereas 
the opposite is true for triplet electron-hole pair (antiferromagnetic) correlations 
(Eq. (|^). The question now arises whether t±_ can promote interchain pair prop- 
agation besides single-particle coherence. Actually, this possibility exists and re- 
sults from interchain pair-hopping processes, [ ^|57| , ^ a mechanism that is not 
present in the Hamiltionian at the start but which emerges when interactions 
along the stacks combine with in the one-dimensional region. The renormal- 
ization group approach proved to be particularly useful in this respect making 
possible a unified description of both modes of propagation. |56| , p^ , ^2||3^ , p^ 

For repulsive interactions, the most important pair hopping contribution is 
the interchain exchange which favors antiferromagnetic ordering of neighboring 
chains. Roughly speaking, from each partial trace operation in (|38|), there is 
a 'seed' f{£)d£ of interchain exchange that builds up as a result of combining 
perturbatively the effective hopping {zt±) and the couplings (g's) in the shell 
of degrees of freedom to be integrated out. This can be seen as a new relevant 
interaction for the system, which in its turn is magnified by antiferromagnetic 
correlations. The net interchain exchange term generated by the flow of rcnor- 
malization can be written as 



(id) q 



(59) 
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which favors antiferromagnetic of spins on neighboring chains i and j. Going to 
transverse Fourier space, V± corresponds to the exchange amphtude at the or- 
dering wave vector Qp = {2kF,TT). In the one-dimensional regime, it is governed 
at the one-loop level by the distinct flow equation 

^gV^ = fie) + v^i{i)-l{v±)\ (60) 

where ~ ~2[{g2{e) + g3(^))i_L/i^o]^e(2-2eW)^. Here e{£) and j(£) are the 
power law exponents of the one-particle propagator (Eqns.(pT|) and (^2|)) and 
antiferromagnetic response (Eqn. (p5|)) respectively (these are scale dependent 
due to the presence of Umklapp scattering) . One observes from the right-hand- 
side of the above equation that the seed term resulting from the perpendicular 
delocalization of the electron and hole within the pair competes with the second 
term due to antiferromagnetic correlations along the chains. The outcome of 
this competition will be determined by the sign of 2 — 2d{£) — 'y{£)- Regarding 
the last term, it is responsible for a simple pole singularity of J± at a non- 
zero ic — ln(i?_F/T'c), signaling the onset of long-range order at TdQ. The 
temperature at which the change from the one-dimensional regime to the onset 
of transverse order occurs can be equated with a distinct dimensionality crossover 
denoted by T^2 ~ 2Tc for pair correlations. The latter makes sense as long as 
zt± is still a perturbation, that is to say for > T^i , which defines the region 
of vahdity of @). 

For repulsive interactions and in the presence of relevant Umklapp scattering, 
one can therefore distinguish two different situations. The first one corresponds 
to the presence of a charge gap well above the transition. As we have seen earlier, 
it defines a domain of £ where d{£) is large and 7(^) — 1, that is 2 ~ 26{£) — 
"f{£) < 0. The physics of this strong coupling regime bears some resemblance to 
the problem of weakly coupled Heisenberg spin chains. However, in the Luther- 
Emery liquid case or at quarter-filling with a gap, each electron is not confined 
to a single site as in the Heisenberg limit but is delocalized over a finite distance 
u_F /zip, corresponding to the size of bound electron-hole pairs. A simple 
analysis of ( pCj ) shows that these pair effectively hop through an effective coupling 
J± « {^p/ao)it*^/Ap). When coupled to singular correlations along the chains, 
this leads to the antiferromagnetic transition temperature 

T,«^^r,2, (61) 

where t*^ = z{Ap)t± is the one-particle hopping at the energy scale of the charge 
gap. 

A characteristic feature of strong coupling is the increase of Tc when the gap 
Ap decreases (Fig. ||). The above behavior of Tc continues up to the point where 
^ Ap, namely when the insulating behavior resulting from the charge gap 
merges into the critical domain of the transition. 9 and 7 take smaller values in 
the normal metallic domain so that 2 — 29{£) — 7(f) will first reach zero after 
which it will become positive corresponding to interchain pair-hopping in weak 
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coupling. The growth of the seed term then surpasses the one due to pair vertex 
corrections in (pO[). An approximate expression of the transition temperature in 
this case is found to be 

Te« 5*2^1, (62) 

where g* = + and t*j_ ~ tj_z{Tc). Again this expression makes sense as 
long as T3.2 > T^i , which on the scale of interaction should not correspond 
to a wide interval. Still, it is finite and shows a decrease of Tc for decreasing 
interactions. This leads to a maximum of Tc at the boundary between strong 
and weak coupling domains (Fig. |3|) . 

As soon as < T^i , the single particle deconfinement occurs first at zt± ~ 
E{){t) and interchain hopping can no longer be treated as a perturbation. This 
invalidates (|60|), and we have seen earlier that a Fermi liquid component forms 
under these conditions. An instability towards SDW is still possible under good 
nesting conditions for the Fermi surface. The exchange mechanism then smoothly 
evolves towards the condensation of electron-hole pairs from a Fermi liquid. 
In this regime, the residual pair-hopping amplitude Vi^{ixi) contributes to the 
effective coupling J* in ( |58| ) . Figure 4 summarizes the various temperature scales 
characterizing the quasi-one-dimensional electron gas problem in the presence of 
Umklapp scattering. 



4 Applications 

4.1 The Fabre and Bechgaard transfer salt series 

The series of Fabre ((TMTTF)2X) and Bechgaard ((TMTSF)2X) transfer salts 
show striking unity when either hydrostatic or chemical pressure (S/Se atom 
or anion X—V¥q, AsFg, Br, . . ., substitutions) is applied. Electronic and struc- 
tural properties naturally merge into the universal phase diagram depicted in 
Fig. ^ [ |60[|6l] , |62| , p3 63 . Its structure reveals a characteristic sequence of ground 



states enabling compounds of both series to be linked one to another |64|j65| , |66| , p7y24|68| , |69| , [70y71 
In this way, Mott insulating sulfur compounds like (TMTTF)2PF6, AsFg... were 
found to develop a charge-ordered (CO) state and a lattice distorted spin- 
Peierls (SP) state. The SP state is suppressed under moderate pressure and 
replaced by an antiferromagnteic (AF) Neel state similar to the one found in 
the (TMTTF)2Br salt in normal conditions; the Mott state is in turn sup- 
pressed under pressure and antiferromagnetism of sulfur compounds then ac- 
quires an itinerant character analogous to the spin-density wave (SDW) state 
of the (TMTSF)2X series at low pressure. Around some critical pressure Pc, 
the SDW state is then removed as the dominant ordering and forms a common 
boundary with organic superconductivity which closes the sequence of ordered 
states. 

Within the bounds of this review, we shall not attempt a detailed discussion 
of the whole structure of the phase diagram but rather place a selected emphasis 
on the description of antiferromagnetic and superconducting orderings together 
with their respective normal phases. A detailed discussion of the spin-Peierls 
instability and charge ordering can be found elsewhere. (7|,||,|5|jl|f|,||,0 
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Fig. 4. Temperature-Pressure phase diagram of tlie Fabre ((TMTTF)2X) and Becli- 
gaard ((TMTSF)2X) salts series. Inset: a side view of tlie of tlie crystal structure with 
the electronic orbitals of the stacks. 



Electrical transport and susceptibility A convenient way to broach the description 
of the phase diagram is to first examine the normal phase of the Fabre salts 
(TMTTF)2X for the inorganic monovalent anions X= PFg and Br. [Q. As 
shown in Fig. ^ there is a clear upturn in electrical resistivity at temperatures 
Tp « 220 K (PFe) and Tp « 100 K (Br), which depicts a change from metaUic to 
insulating behavior. |Q In both cases, Tp is a much higher temperature scale than 
the one connected to long-range order whose maximum is around 20 K. Below 
Tp, charge carriers become thermally activated. In a band picture of insulators, a 
thermally activated behavior should be present for spins too. For the compounds 
shown in Fig. |^, spin excitations are instead unaffected and remain gapless. This 
is shown by the regular temperature dependence of the spin susceptibility Xo- at 
Tp (inset of Fig. ||). Resistivity data tell us that the gap in the charge is about 
Ap « 2 . . . 2.5Tp, which exceeds the v alue s of t±i, given by band calculations. 
According to the discussion given in § 3^, this would correspond to a situation 
of strong electronic confinement along the chains. Confinement is confirmed by 
the absence of a plasma edge in the reflectivity of both compounds when the 
electric field is oriented along the transverse b direction. |70y79t] 

The magnetic susceptibility, which decreases with the temperature, is also 
compatible with the one-dimensional prediction of Fig. [|. Wzietek et al. , [p2| 
analyzed in detail the NMR succptibility data at constant volume using the 
expression (45). Very reasonable fits were obtained above 50 K provided that 
interactions gi.2,4 — 1 are sizeable. In the charge sector, when the origin of 
the gap is attributed to half-filling umklapp alone, one has for a compound like 
(TMTTF)2PF6 the small bare value 53 ~ 0.1; which is obtained from reasonable 
band parameters by matching the experimental Tp and the value ip at which 



Fig. 5. Temperature dependence of resistivity and static spin susceptibility (inset) for 
the Fabre salts (TMTTF)2Br and (TMTTF)2PF6- 



Nuclear magnetic resonance Among other measurable quantities that are sen- 
sitive to one-dimensional physics, we have the temperature dependence of the 
nuclear spin-lattice relaxation rate T^^ Consider for example the insula ting 



compounds (TMTTF)2X. According to the scaling pictures of § 2^ and § |2.5| , 
the charge stiffness Kp — vanishes in the presence of a gap below Tp, or for 
i > £p. The resulting behavior for the relaxation rate is then 

^C + CoTxl- (63) 

As shown in Fig. ^, this behavior is indeed found for (TMTTF)2PF6 salt when 
the relaxation rate data are combined with those of the spin susceptibility 
(Txi) in the normal phase above 40 K, namely above the onset of spin-Peierls 
fluctuations. ||8^,^ A similar behavior is invariably found in all insulating ma- 
terials down to low temperature where three-dimensional magnetic or lattice 
long-range order is stabilized. |22[ , |82| , ^ Long-range order also prevents the ob- 
servation of logarithmic corrections in Ci which are expected to show up in the 
low temperature limit. 

If we now turn our attention to the effect of pressure, the phase diagram of 
Fig. ^ shows that hydrostatic pressure reduces Tp. At sufhciently high pressure, 
the insulating behavior merges with the critical behavior associated with the for- 
mation of a spin-density-wave state, jsj,^,^ The normal phase is then entirely 
metallic. This change of behavior can also be achieved via chemical means. We 
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Fig. 6. Temperature dependence of the nuclear relaxation rate plotted as 
T^^vs Txl(T), where X<riT) is the measured spin susceptibility. (TMTTF)2PF6 
(crosses, left scale), (TMTSF)2PF6 (o£en circles, right scale) and (TMTSF)2C104 
(open triangles, right scale). After Ref.[ 



DC transport and optical conductivity The metallic resistivity of the Fabre salts 
(T > Tp in Fig. H) and of the Bechgaard salts at high temperature has also 
been analyzed in the one-dimensional framework. It was shown that Umk- 
lapp scattering at quarter-filling is the only mechanism of electronic relaxation 
that can yield metallic resistivity above Tp — half-filling Umklapp alone would 
lead at small Kp to an insulating behavior at all temperatures. |8q] Following 
Giamarchi p7| , |87t , the prediction at quarter-filling is p{T) which 
can reasonably account for the constant volume metallic resistivity observed at 
high temperature. In the Bechgaard salts for example, an essentially linear tcm- 
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perature dependence p{T) ^ T'^ with ~ 1 is found down to 100 K, which 
would correspond to Kp ~ 0.25 78 , a value not too far from NMR estimates 



for (TMTSF)2PF6. Below, a stronger power law sets in approaching a Fermi 
liquid behavior with ~ 2, which would indicate the onset of electronic de- 
confinement. Roughly similar conclusions, as to the value of the charge stiffness 
Kp and the onset of deconfinement in the Bechgaard salts, have been reached 
from the analysis of DC transverse resistivity measurements in the high temper- 



ature region. 1 72, S8| These are also characterized by a marked change of behavior 
taking place between 50. ..100 K.^ 

Optical conductivity measurements on members of both series have recently 
prompted a lot of interest in the extent to which a one-dimensional description 
applies to Fabre and Bechgaard salts. @|0|j7||| As shown in Fig. 0, sulfur 
compounds show the absence of a Drude weight in the low frequency limit and 
the infrared conductivity is entirely dominated by in optical gap of the charge 
sector as expected. It is noteworthy that the optical gap is closer to 2Ap than 
Ap. Following recent work of Essler and Tsvelik, this is consistent with 
double solitonic excitations in the charge sector and thus a gap produced by 
quarter-filling Umklapp scattering. 

The results for conductivity in the Bechgaard salts came as a surprise, how- 
ever, since despite the pronounced metallic character of these systems [ p2[ , and 
the existence of a very narrow zero frequency mode, the charge gap still captures 
most of the spectral weight at high frequencies. [ [70[|7^ , p3t This behavior turns out 
to mimic that of a doped Mott insulator. pTf According to this picture, the high 
frequency tail of the conductivity above the gap behave as cti(w) ^ uj'^^^p~^ 
for quarter-filling Umklapp in 1D.|^,Q A power law cj"^ '^ is observed for the 
Bechgaard salts over more than a decade in frequency (Fig. which yields the 
value Kp ~ 0.23 for the charge stiffness. This is consistent with the estimate 
made from DC resistivity. The purely one-dimensional prediction works well in 
the high frequency range presumably because the effect of interchain hopping 
is small there (lo > t±f,)- However, deviations from what is expected in a ID 
doped Mott insulator are seen at lower frequencies and have been attributed to 
the influence of tj_f,- 



Photoemission results As mentionned earlier in § 2.3, Angular Resolved Pho- 
toemission Spectroscopy (ARPES) experiments give in principle access to mo- 
mentum and energy dependence of the one-particle spectral density A{q,u!) for 
q < ||95| , p6| . In practice, this is submitted to the experimental constraints of 
energy (Alu) and momentum (Aq) resolutions, and to thermal broadening. The 
photoemission signal will then go like |Q 

Au' Aq' 

where / is the Fermi-Dirac distribution. ARPES measurements of Zwick et 
a/.,@ for the Bechgaard salt (TMTSF)2C104 and the Fabre salt (TMTTF)2PF6 
are shown in Fig. @. The data are amazing in many respects. In (TMTSF)2C104 



Fig. 7. Optical conductivity of the Fabre salt (TMTTF)2Br (top) and the Bechgaard 
salts (TMTSF)2PF6 and (TMTSF)2C104 After Ref. @. 



for example, which is a IK superconductor (Fig. the data reveal weak spec- 
tral intensity at the Fermi level and the absence of dispersing low-energy peaks 
associated to either spin or charge degrees of freedom. The exponent 9 needed 
to describe the (~ linear) energy profile of / down to the non dispersing peak 
at ~ 1 eV is rather large. Although the origin of these peculiar features is as 
yet not fully understood, it has been proposed that cleaving and radiation alter- 
ation of the surface may introduce imperfections and defects that may change 
the properties of the Luttinger liquid near the surface. |95||9^ Defects can be seen 
as introducing finite segments of chains with open boundary conditions which 
correspond to bounded Luttinger liquids. [p8| Their spectral weight is given by 

which is fc— independent, that is non dispersing but with an exponent that is 
still governed by the Kp of the bulk. Thus by taking Kp ~ 1/3, which is actually 
not too far from the values of other experiments discused above, would lead to 
power law compatible with experimental findings. 

The ARPES data for the Mott insulating compound (TMTTF)2PF6 reveal 
similar features apart a clear shift ~ 100 mev of the onset towards negative 
energy. The shift seems to be close to ~ 2zip, as expected for quarter- filling 
Umklapp.||] 

Dimensionality crossovers and long-range order Our next task will be to give a 
brief description of the onset of long-range order in the light of ideas developed 
earlier in § ^ for an array of weakly coupled ID electron gas. It was pointed out 
that the nature of the ID electronic state strongly influences the way the system 
undergoes a crossover to a higher dimensional behavior and how this may yield 



Fig. 8. ARPES spectra of (TMTTF)2PF6 and (TMTSF)2C104. The inset identifies 
an energy sliift corresponding to 2Ap for (TMTTF)2PF6. After Ref 



to long-range order. We have seen for example that in the presence of a ID Mott 
insulating state, the charge gap gives rise to strong coupling conditions that pre- 
vent electronic deconfinement. Spins can still order antiferromagnetically in the 
transverse direction via the interchain exchange V±_. The case of (TMTTF)2Br 
compound is particularly interesting in this respect since this mechanism can be 
studied in a relatively narrow pressure interval where the change from strong to 
weak coupling actually takes place (Fig. ||). 

The data of Fig. ^ obtained by Klemme et ai, gives the detailed pressure 
dependence of both Tc and Tp for the bromine salt up to 13 kbar. When the insu- 
lating behavior at Tp meets the critical domain under pressure a maximum of Tc 
is clearly seen. This accords well with the description of the transition given in 
§ 3.2 in terms of weakly coupled antiferromagnetic chains (right side of Fig. 
Here pressure mainly contracts the lattice, modifying upward longitudinal band- 
width while decreasing the stack dinierization. These are consistent with the de- 
crease of correlations along the chains whose strength has been parametrized by 
9 in Fig. ^. Pressure increases t± too - roughly at the same rate as which 
contributes to the variation of 9 under pressure. ]45[| Similar profiles of (Tc,Tp) 
under pressure have been confirmed in other members of the Fabre salt series. 

[p^op^, pm| , p^ | 

Passed the maximum, the interchain exchange is gradually replaced by an 
instability of the Fermi surface to form a SDW state. We have emphasized in 
§ 3^, however, that this is closely related to the issue of where the onset of 
electronic deconfinement takes place in the metallic state. In the general phase 
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diagram of Fig. tliis fundamental issue applies to the region where the Fabre 
salt series overlaps with the Bechgaard salt series. In the simple picture given in 
3.1, which is portrayed in Fig. ^, the scale T^-i for deconfinement and restoration 



of a Fermi liquid component rises up in the small coupling region. On an empirical 
basis, however, a clear indication of such a scale is still missing so far and the 
figures proposed have led to conflicting views. If one agrees for example on 
the small value of Kp ~ 0.2 given by optics and transport for the Bechgaard 
salts, the expected T^i ~ 10 K would be rather small. Although this would 
be consistent with earlier interpretation of NMR results, |38|j22[] it contradicts 
others which favour a Fermi liquid description: the emergence of a law for 
parallel resistivity below 100 K, th e gr adual onset of transverse plasma edge 
in the same temperature range, fzC ,103 1 the t± values extracted from angular 



dependence of magnetoresitance a very low temperature, [1 04 1 the observation of 
Wiedeman-Franz Law at low temperatu re, |105|| to mention only a few (a more 
detailed discussion can be found in Refs. |78| , [79| , |63[ ) . At present, it is not clear to 
what extent a synthesis of these conflicting figures will require a radical change 
of approach in setting out the deconfinement problem or if it simply reflects the 
fact that deconfinement takes place over a large temperature interval. 

Before closing this discussion, we will briefly examine the mechanism com- 
monly held responsible for the suppression of the SDW state as the critical 
pressure Pc is approached from below in the phase diagram (Fig. By looking 
more closely at the effect of pressure on electronic band structure, we realize 
that corrections to the spectrum such as the longitudinal curvature of the band 
or transverse hopping t±2 to second nearest-neighbor chains magnify under pres- 
sure; their influence can no longer be neglected in the description of the SDW 
instability of the normal state. In effect, in the presence of an effective t*j_2, the 
spectrum below T^i becomes 

Ep (k) = ep{k) — 2t*i cos k± — 2t*j^2 cos 2k± . 

This leads to iS'+(k-|-Qo) — — £'-_(k)-|-4t^2 cos2fcj_, and thus to the alteration of 
nesting conditions of the whole Fermi surface. These deviations will cut off the 
infrared singularity of the Peierls channel, which becomes rhoughly x*'(Qoj T) ~ 
NJfi) \n{\/T^ + S^/Tr^i), where S ~ t*j_2. Its substitution in the ladder expression 
leads to a Tc that rapidly goes down when ~ (see Fig. for the 
results of a detailed calculation), in qualitative agreement with experimental 
findings (Fig. ^). 

The strongest support for the relevance of nesting frustration in this part of 
the phase diagram is provided by the analysis of the cascade of SDW phases 
at P > Pc, which are observed when a magnetic field oriented along the less 



conducting direction is cranked up beyond some threshold.] 106, 82 1 In effect, the 
magnetic field confines the electronic motion in the transverse direction and 
thus restores the infrared singularity of the Peierls channel at some discrete 
(quantized) values of the nesting vector, each of which characterizing a SDW 



phase of the cascade.] 107 1 Besides the indisputable success of a weak coupling 



(ladder) description of field-induced SDW — which constitutes a whole chapter 



□ 

□ 



Fig. 9. The pressure profile of Tp (full diamonds) and the antiferromagnetic critical 
temperature (full squares) for (TMTTF)2Br. After Ref. ^ 



On the nature of superconductivity Let us now turn our attention to the super- 
conductivity that is found near Pc for both series, namely at the right hand end 
of the phase diagram in Fig. ^. The symmetry — singlet or triplet — of the su- 
perconducting order parameter in these charge -transfer salts is an open question 
that is currently much debated]^ . | IIC , HI , 112 1 Here we will tackle this problem 



from a theoretical standpoint that is in line with what has been previously dis- 
cussed. We shall give a cursory glance at recent progress made on the origin of 
organic superconductivity, namely as to whether it could be driven by electronic 
correlations. In this matter, it is noteworthy that superconducti vity shares a 
common boundary and even overlaps with the SDW state. |^,^ 101,6^ This 
close proximity between the two ground states, which is an universal feature of 
both series of compounds, is peculiar in that it is the electrons of a single band 
that partake in both types of long-range order. Moreover, SDW correlations 
are well known to permeate deeply the normal phase above the superconduct- 
ing phase. ||2^ All this goes to show that pairings between electrons and holes 
responsible for antiferromagnetism and superconductivity are not entirely ex- 
clusive and that both phenomena may have a common — electronic — origin. 



See the review of P. M. Chaikin in this volume. 
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We have become familiar with the mixing of Cooper and Peierls pairings in 



the context of a Luttinger hquid (see § 2.5). The interference between the two 



is maximum in strictly one dimension where the Fermi surface reduces to two 
points. Below the scale T^i, interference was neglected in the ladder description 
of the SDW instability (see § ^]^). However, although interference is weakened 
by the presence of a coherent wrapping of the Fermi surface, it still exerts an 
influence below T^i by becoming non uniform, that is k-dependent along the 



Fermi surface. As shown recently by Duprat et al., 55 1 non uniform int erfe rence 
can be taken into account using the renormalization group method of § 2^. This 
technique allows us to write down a two-variable flow equation for the SDW 
coupling constant 

'^J^i^ - - ]^ E ki)ic{kik'^.i)j{ki k^) 
^ fc" 

where Ic,p are the Cooper loop and the Peierls one in the presence of nesting 
deviations. The pair of variables k'j_) refers to transverse momenta of ingoing 
and outgoing particles that participate in electron-hole and electron-electron 
pairings close to the Fermi surface. 

At small <^2j there is a simple pole singularity in J at k'j_ = k± — 'K, which sig- 
nals the expected SDW instability at ic = InTc/T^i and wavevector Qo (Fig. [l0| ). 
As far as Tc is concerned, this result is qualitatively similar to the ladder approx- 



imation of § 3.1. When nesting deviations increase, however, Tc decreases rapidly 
and shows an inflection point at a critical t*j^2 instead of reaching zero as for the 
single channel approximation (Fig. The singular structure of J in k±,k'j_ 
space then qualitatively changes, becoming modulated by a product of sim- 
ple harmonics cos k± cos fc^ . This indicates that singular pairing is now present 
in the singlet Cooper channel. The attraction takes place between electrons on 
neighboring stacks as a result of their coupling to spin fluctuations. In the frame- 
work of the present model, the singlet superconducting gap A(kj_) = Aq cosfcj_ 
presents nodes at k± = ±7r/2. When typical figures for deviations to perfect 
nesting are used, that is j, ~ 10 K ~ Tc{t*j_2 ~ 0), the one- loop calculations is 
able to reproduce an important feature of the phase diagram which is the profiles 
of SDW and superconductivity in both series of compounds near Pc (Fig. 

4.2 The special case of TTF[Ni(dmit)2]2 

Among the very few quasi-one-dimensional organic materials that do not show 
long-range ordering, the two-chain compound TTF[Ni(dmit)2]2 is interesting. 



[113 114] The TTF stacks remain metallic down to the lowest temperature 
reached for this system. Although the reason for this lack of long-range order 
is not well understood, band calculations revealed a very pronounced quasi-lD 



anisotropy of the electronic structure, |115| actually stronger than the one of the 



Fig. 10. Variation of the critical temperature as a function of nesting deviations t*j_2 
(~ pressure). The shaded area corresponds to the crossover region between SDW and 
superconductivity. After Ref. js^]. 



Fabre and the Bechgaard salts. The band filling is not known precisely but it is 
incommensurate with the underlying lattice. We have here favorable conditions 
for the emergence of Luttinger liquid physics. 

In this respect, the results of Wzietek et ai, |ll4| given in Figure |l^ for 
the temperature variation of the proton (^H) NMR T^^ of the TTF chains, 
are particularly revealing. When the data of Fig. ^ are compared with the 
characteristic LL shape of Figure ^ at Kp > 0, the connection with the one- 
dimenional theory is striking. This is confirmed at the quantitative level by the 
fit (continuous line in Fig. of data using an expression of the form (^), where 
the interaction parameter Kp ~ 0.3 have been used. The plot of (TiT)^^ vs T 
(left scale and inset) allows one to isolate the enhancement at low temperature 
due to the ID antiferromagnetic response. 



4.3 An incursion in inorganics: the purple bronze Lio.gMoeOiy 

The objective of finding Luttinger liquid behavior in crystals does not focus 
uniquely on organic conductors but constitutes an important line of research in 
other materials too. This is the case of molybcndum bronzes which form a class 
of low-dimensional inorganic systems well known for their strongly anisotropic 
electronic structure and the rich phenomenology associated with the formation 
of charge-density- wave order. |ll6t Here we will briefly consider the Lio.gMogOiy 
compound, which stands out as a special case of the so-called 'purple bronze' 
series. This compound consists of molecular MoOg octahedra and M0O4 tetra- 
hedra arranged in a 3D network for which strong Mo-O-Mo interactions form 
zig-zag chains along a preferential direction. This strong one-dimensional char- 



acter is confirmed by band calculations [117| and by experimental Fermi surface 



mapping, 1 118 1 which both yield a rather flat Fermi surface arising from the two 



degenerate bands that cross the Fermi level. The metallic temperature domain 



Fig. 11. The temperature dependence of the nuclear spin- lattice relaxation rate of 
TTF[Ni(dmit)2]. The continuous line is a Luttinger liquid fit. The power law enhance- 
ment at low temperature is shown in the inset. After Wzietek et al. |114|. 



119| 



is rather wide, extending down to Tc « 24 K where a phase transition occurs. 
Although the origin of the latter is as yet not well understood, it is not a CDW 
state and the normal phase does not show any sign of CDW precursors. There- 
fore electronic interactions dominate and this renders this material particularly 
appealing for ARPES studies. [ 118 1 

Figure 12 shows high resolution ARPES data obtained by Gweon et al. 
on Lio.gMogOir at T = 250 K. As one moves along the F—Y direction in the 
Brillouin zone, the lineshape of the C band shifts towards the Fermi edge for 
increasing k < k^? with a peak that decreases sharply in intensity and broadens 
significantly before reaching k^? to finally pull back for k > k^? and merges in the 
tail of a weakly dispersing band (B) at high energy. The absence of true crossing 
of the band, its lack of sharpening as k ^ k^? and the low spectral weight left at 
ki? contrast with what is found in the pototypical Fermi liquid like compound 
TiTe2 [^,120 121]. The analysis of the dispersing lineshape C in the fra mework 
of the LL theory proved to be much more satisfactory. 1 119 9(:,122,118| A large 
anomalous exponent 9 — 0.9 and differing values for the velocities and Up are 
required to reasonably account for the data. According to the LL theory of the 
spectral weight, [p^ a large 6 leads to edges of holon and spinon excitations that 
crosses the Fermi edge with different amplitudes as shown in Fig. |l^b. The LL 
theory used in Fig. 13-b is for temperature T = and has u^/up = 1/5 as in the 
analysis of Ref. |11S]. Subsequent analysis [122| of the data of Fig. 13-a using 
a finite temperature theory 122] leads to a value of Ua/up = 1/2. A large 
value of for a system like Lip.gMogOir with incommensurate band-filling would 
indicate that long-range Coulomb interactions play an important role in such a 
system. According to the results of § 3.1, a large 9 will also yield strong electronic 



confinement along the chains. The impact on other physical properties should 
also be observable as for example in the poor conductivity and the absence of a 
plasma edge in the transverse directions.] 124] 



Fig. 12. (a) ARPES data at 250 K for Lio.gMosOiT at difTerent % of the Brillouin 
zone in the F—Y direction ; (b) Luttinger liquid prediction a,t 9 — 0.9, and = iip/5, 
including experimental mom entum and energy resolutions, and thermal (Fermi-Dirac) 
broadening. After Ref. [119|. 



5 Conclusion 

A large part of the phenomenology shown by quasi-one-dimensional conductors 
cannot be understood in the traditional framework of solid state physics. Proba- 
bly for no other crystals do we have to reckon with concepts provided by the now 
well understood physics of interacting electrons in one dimension. The existence 
of long-range order at finite temperature in many of these systems indicates 
that the link between one and higher-dimensional physics is also essential to 
their understanding. 

As we have seen in this review some progess has been achieved in that direc- 
tion but there are also several basic questions left to answer. Among them, let 
us mention how Fermi liquid quasi-particles are appearing in the normal phase 
for systems like the Bechgaard salts (or their sulfur analogs at high pressure) ? 
A clarification of this issue would certainly represent a significative advance in 
the comprehension of these fascinating low-dimensional solids. 
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